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By keeping the mass of the DCD sensor 22 low and estab-
lishing a well defined peak in V.., 2 high quality factor is
maintained. This allows the DCD sensor to be operated in an
intermittent contact mode while ensuring sufficient contrast
between out of contact and contact displacement signals gen-
erated by the DCD sensor. As a result, high quality images of
the sample under observation can be generated at a micro-
scopic level.

For atest sample, a fiber composite comprised of Kevlar 49
fibers imbedded in an epoxy matrix (the fiber volume fraction
is reported to be 50%) was imaged using the IFM 20. Prior to
imaging, the sample was polished. FIG. 7 shows a 1 kHz
intermittent contact IFM image (all images: 180x180 points,
plane subtraction, no filtering) of the fiber composite sample.
The ~50 nm deep polishing grooves are clearly evident, in
spite of a maximum height difference of ~740 nm. The piece
of debris at the left edge remained undisturbed by the imaging
procedure. The total imaging time was 11 min, corresponding
to 20 contact cycles per point.

FIG. 8 shows a 1 kHz intermittent contact IFM image of a
badly damaged area on the Kevlar sample. The massive sur-
face upheaval results in a maximum height difference
approaching 3 pm, which deaccentuates the shallow polish-
ing grooves in the unblemished fiber regions. In spite of the
upheaval, the intermittent contact mode technique had little
difficulty in tracking the surface topography, although opti-
mum imaging required doubling the number of contact cycles
per point.

To determine the peak contact force during imaging, the
separation between the tip 62 and a single Kevlar 49 fiber was
narrowed until the first evidence of intermittent contact was
observed, and then the piezoelectric tube 265 was advanced
until the set point was reached. After dividing the amplitude
and phase detector output by the appropriate gain terms, it
was estimated that the oscillation amplitude of the common
plate 52 was reduced from 18.97 nm in air to 18.36 nm during
intermittent contact (amplitudes being expressed as peak-to-
peak values). The distance that the piezoelectric tube 2654
advanced to reach the set point was 9.9 A, which is to be
compared to the 6.1 A reduction in the common plate oscil-
lation amplitude.

FIG. 12 shows intermittent contact images of the surfaces
of Hexadecane (3.34 cP) and Glycerol (1490 cP). As will be
appreciated, the DCD sensor 22 can be controlled under
force-feedback to image soft as well as hard samples.

In the intermittent contact mode, the motion of the com-
mon plate 52 decays only during the contact portion of the
cycle. Therefore, the difference between the advancement of
the piezoelectric tube 265 and the reduction in common plate
oscillation amplitude is a reasonable estimate of the maxi-
mum tip-sample deformation, which is about 3.8 A,

To estimate the peak contact force, the Hertz equation for
elastic contact which is appropriate for axis symmetric para-
bolic bodies is used:

4
F= §E*\/F*D3/2

where:
R=(UR#+1/R)™"

E*=[(1-v,2)/E+(1-v,*)/E,]~* and is the reduced modulus;
D is the combined deformation of the tip and sample;

v, V, refer to Poisson’s ratio;

E, E, indicate Young’s modulus;
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R,, R, represent parabolic radii of curvature; and

t, s denote tip and sample.

To test the sensor feedback loop, the ratio V 4.,V 4.crr @nd
theratio V5,,/V ..., as a function of frequency were measured
with the DCD sensor 22 operating in air. It is easy to show that

theoretically  V,../VeimGor/(1-Go,) and Vg,
VoG /(1 -Gop), where
GQL:GPIDGfon:‘eerecthridgerreamdeemod iS the open ]00p

gain, the minus sign being a result of the summing amplifier
80. FIGS. 9 and 10 show how these two ratios vary with
frequency when the DCD sensor 22 operates under the fol-
lowing set of conditions:

T1=4.3x1075; Tp=3.6x10-5s; T=2.4; and G, ,,~4.1

G zemoa 18 referenced to the peak-to-peak amplitude of the
preamplifier output. The solid line passing through the
experimental points is the theoretical result. The level of
agreement between theory and experiment ranges from good
to excellent.

Of note in the magnitude plots is the presence of the well-
defined peak occurring around 660 Hz signifying that the
sensor feedback loop behaves much like a second-order low-
pass filter. The origin of this behavior is rooted in Barkhaus-
en’s criterion for feedback stability. In other words, the term
1/(1-G,,) tends to infinity if the magnitude of G,
approaches unity and the corresponding phase approaches
zero.

FIG. 11 shows the calculated frequency dependence of
G, with the magnitude plot for V 4.,,,../V ... superimposed.
As can be seen, the magnitude of G,; is roughly 0 dB (or 1)
and the corresponding phase is about 0.08I1 at the peak fre-
quency for demodulator output signal V.. The phase mar-
gin is small enough to obtain a strong resonance response, but
large enough to prevent the sensor feedback loop from going
into self-oscillation. It is important to note that a peak in the
demodulator output signal V.., ; does not mean mechanical
resonance. In the example shown, the peak frequency for the
demodulator output signal V . . is in fact 60 Hz lower than
/211, the mechanical resonant frequency of the DCD sensor
22. Nevertheless, a maximum in the demodulator output sig-
nal V.., does mean a maximum in the displacement ampli-
tude, but this is not achieved in the usual way. Looking at the
magnitude plot for V,,/V,,., it can be seen that the applied
force varies over the frequency range, and reaches a maxi-
mum in the vicinity of the peak frequency for the demodulator
output signal V ...+

A comparison between the phase plots shows that the phase
of the displacement (or V,,.,,,,.,) lags the phase of the force (or
Vpip) by an angle reasonably close to I1/2. This, along with
the fact that a 60 Hz difference in frequency is not very large,
suggests that w, does play an important role in obtaining a
strong peak, which can be understood in the following way. In
order to obtain a strong peak and still maintain feedback
stability, one must make G, the dominant electronic gain term
because it is the only electronic gain that rolls off its response
with increasing frequency, which means that the phase lag
due to the electronics is not far removed from I1/2 over the
frequency range of interest. The mechanical phase lag even-
tually reaches I1/2 at wg, which yields an overall phase lag in
the neighborhood of the IT phase lag required to bring the
phase of G, to zero.

As will be appreciated, the present invention provides
advantages in that samples can be imaged on a microscopic
level without damaging the samples. This makes the present
imaging technique particularly suited to imaging soft samples
including emulsions and liquids. Images can be taken for
several hours without removing the varying dc offset in the
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force signal which is required during contact mode imaging
to ensure minimal contact force between the tip and the
sample.

Although the present invention has been described with
specific reference to interfacial force microscopy and use of a
differential-capacitance displacement sensor, those of skill in
the art will appreciate that the feedback control used in the
preset imaging technique can be used with other heavily-
damped displacement sensors. It will also be appreciated by
those of skill in the art, that variations and modifications may
be made to the present invention without departing from the
spirit and scope thereof as defined by the appended claims.

We claim:

1. A scanning probe microscope apparatus for increased-
quality-factor intermittent contact imaging of a sample sur-
face comprising:

A. a device including 1) a base, 2) a member which is
displaceable relative to the base, 3) a tip mounted on the
member to intermittently contact the sample surface to
be imaged, and 4) a characteristic of a quality factor;

B. means for actuating the member;

C. means for measuring displacements of the member rela-
tive to the base and generating a displacement signal
indicative thereof;

D. an oscillator generating a driving signal which includes
characteristics of 1) a driving frequency and 2) a driving
amplitude, the driving signal causing oscillations in the
means for actuating which in turn causes the member to
oscillate which in turn causes the displacement signal to
oscillate;

E. a feedback loop including a feedback controller, the
feedback controller receiving 1) the displacement signal
and 2) the driving signal and applying an oscillatory
actuation signal to the means for actuating, the oscilla-
tory actuation signal being mathematically dependent
on 1) the displacement signal, 2) the driving signal, and
3) a gain function of the feedback controller, the feed-
back loop further including a characteristic of a quality
factor, the gain function being such that the quality fac-
tor of the feedback loop is higher than the quality factor
of the device when the tip is remote from the sample
surface;

F. a scanner for altering a separation distance between the
sample surface and the device in a direction predomi-
nantly perpendicular to the sample surface and for
imparting relative motions between the sample surface
and the device in a plane predominantly parallel to the
sample surface;

G. an amplitude detector measuring a displacement ampli-
tude from the displacement signal and generating a dis-
placement amplitude signal indicative thereof, the dis-
placement amplitude being smaller while the tip
intermittently contacts the sample surface in comparison
to when the tip is remote from the sample surface;

H. aphase detector measuring a phase of the displacement
signal with respect to a reference signal and generating a
phase signal indicative thereof;

1. means for controlling the scanner including means for 1)
receiving the displacement amplitude signal, 2) setting a
demanded displacement amplitude, 3) controlling the
separation distance to bring the tip into intermittent con-
tact with the sample surface and to maintain the dis-
placement amplitude in general agreement with the
demanded displacement amplitude while the tip inter-
mittently contacts the sample surface, and 4) driving the
relative motions to raster scan the sample surface; and
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J. an imager operatlively coupled to 1) the means for con-
trolling the scanner, 2) the amplitude detector, and 3) the
phase detector, the imager forming spatially-correlated
images derived from 1) the separation distance, 2) a
discrepancy between the displacement amplitude and
the demanded displacement amplitude, and 3) the phase.

2. A scanning probe microscope in accordance with claim
1 wherein the displacements are displacements of rotation.

3. A scanning probe microscope in accordance with claim
1 wherein the displacements are displacements of torsion.

4. A scanning probe microscope apparatus in accordance
with claim 1 wherein the quality factor of the device is indica-
tive of the device being heavily damped even when the tip is
remote from the sample surface yet wherein the quality factor
of the feedback loop is sufficiently high to yield a well-
defined resonance peak in a feedback-influenced displace-
ment amplitude versus driving frequency spectrum of the
device with the tip remote from the sample surface.

5. A scanning probe microscope apparatus in accordance
with claim 1 wherein the tip interacts with a liquid while
imaging.

6. A scanning probe microscope apparatus in accordance
with claim 5 wherein the liquid includes a characteristic of an
absolute viscosity as high as 1490 centipoise (cP).

7. A scanning probe microscope apparatus in accordance
with claim 1 wherein the device further includes two elec-
trodes stationary relative to the base and facing the member
without contacting the member, the member being electri-
cally conducting to define a pair of variable capacitors.

8. A scanning probe microscope apparatus in accordance
with claim 7 wherein the means for actuating includes elec-
trostatic/capacitive forces.

9. A scanning probe microscope apparatus in accordance
with claim 1 wherein the oscillatory actuation signal includes
a dc component derived from feedback which tends to main-
tain a constant do level of the displacements.

10. A scanning probe microscope apparatus in accordance
with claim 1 wherein the tip includes a characteristic of a
parabolic profile.

11. A scanning probe microscope apparatus in accordance
with claim 1 wherein the driving frequency is equal to or near
a frequency corresponding to a resonance peak of a feedback-
influenced displacement amplitude versus driving frequency
spectrum of the device with the tip remote from the sample
surface.

12. A scanning probe microscope apparatus in accordance
with claim 1 wherein the feedback loop further includes char-
acteristics of an open-loop-gain magnitude and a phase mar-
gin, the phase margin nearly equaling zero (0) yet indicative
of the feedback loop being stable at a frequency correspond-
ing to the open-loop-gain magnitude equaling one (1) when
the tip is remote from the sample surface.

13. A scanning probe microscope apparatus for increased-
quality-factor intermittent contact imaging of a sample sur-
face comprising:

A. a device including 1) a base, 2) a member which is
displaceable relative to the base, 3) a tip mounted on the
member to intermittently contact the sample surface to
be imaged, 4) a characteristic of a quality factor and 5)
two electrodes stationary relative to the base and facing
the member without contacting the member, the member
being electrically conducting to define a pair of variable
capacitors;

B. means for actuating the member;

C. means for measuring displacements of the member rela-
tive to the base and generating a displacement signal
indicative thereof, wherein said measuring includes 1)
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the pair of variable capacitors, 2) a pair of modulation
signals nominally 180 degrees out of phase with respect
to each other and sufficiently high in frequency to not
displace the member relative to the base, 3) a preampli-
fier, 4) a demodulator, and 5) a low-pass filter;

D. an oscillator generating a driving signal which includes
characteristics of 1) a driving frequency and 2) a driving
amplitude, the driving signal causing oscillations in the
means for actuating which in turn causes the member to
oscillate which in turn causes the displacement signal to
oscillate;

E. a feedback loop including a feedback controller, the
feedback controller receiving 1) the displacement signal
and 2) the driving signal and applying an oscillatory
actuation signal to the means for actuating, the oscilla-
tory actuation signal being mathematically dependent
on 1) the displacement signal, 2) the driving signal, and
3) a gain function of the feedback controller, the feed-
back loop further including a characteristic of a quality
factor, the gain function being such that the quality fac-
tor of the feedback loop is higher than the quality factor
of the device when the tip is remote from the sample
surface; and

F. a scanner for altering a separation distance between the
sample surface and the device in a direction predomi-
nantly perpendicular to the sample surface and for
imparting relative motions between the sample surface
and the device in a plane predominantly parallel to the
sample surface.

14. An interfacial force microscope for increased-quality-
factor intermittent contact imaging of a sample surface com-
prising:

A. a differential-capacitance displacement sensor includ-
ing 1) a base, 2) a member which is rotationally displace-
able relative to the base, 3) a tip mounted on the member
to intermittently contact the sample surface to be
imaged, 4) a characteristic of a quality factor, 5) two
oppositely extending torsion bars supporting the mem-
ber and 6) two electrodes stationary relative to the body
and facing the member without contacting the member,
the member being electrically conducting to define a
pair of variable capacitors;

B. means for actuating the member via electrostatic/ca-
pacitive forces;

C. means for measuring rotational displacements of the
member relative to the base and generating a displace-
ment signal indicative thereof;

D. an oscillator generating a driving signal which includes
characteristics of 1) a driving frequency and 2) a driving
amplitude, the driving signal causing oscillations in the
means for actuating which in turn causes the member to
oscillate rotationally which in turn causes the displace-
ment signal to oscillate;

E. A feedback loop including a force-feedback controller,
the force-feedback controller including 1) a summing
junction and 2) a control block, the summing junction
receiving 1) the displacement signal and 2) the driving
signal and generating an error signal indicative of a
discrepancy between the displacement signal and the
driving signal, the control block receiving the error sig-
nal and applying an oscillatory actuation signal to the
means for actuating, the oscillatory actuation signal
being mathematically dependent on 1) the error signal
and 2) a gain function of the force-feedback controller,
the feedback loop further including a characteristic of a
quality factor, the gain function being such that the qual-
ity factor of the feedback loop is higher than the quality
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factor of the differential-capacitance displacement sen-
sor when the tip is remote from the sample surface; and

F. a scanner for altering a separation distance between the
sample surface and the differential-capacitance dis-
placement sensor in a direction predominantly perpen-
dicular to the sample surface and for imparting relative
motions between the sample surface and the differential-
capacitance displacement sensor in a plane predomi-
nantly parallel to the sample surface.

15. An interfacial force microscope in accordance with

claim 14 further comprising:

A. an amplitude detector measuring a displacement ampli-
tude from the displacement signal and generating a dis-
placement amplitude signal indicative thereof, the dis-
placement amplitude being smaller while the tip
intermittently contacts the sample surface in comparison
to when the tip is remote from the sample surface;

B. a phase detector measuring a phase of the displacement
signal with respect to a reference signal and generating a
phase signal indicative thereof;

C. means for controlling the scanner including means for 1)
receiving the displacement amplitude signal, 2) setting a
demanded displacement amplitude, 3) controlling the
separation distance to bring the tip into intermittent con-
tact with the sample surface and to maintain the dis-
placement amplitude in general agreement with the
demanded displacement amplitude while the tip inter-
mittently contacts the sample surface, and 4) driving the
relative motions to raster scan the sample surface; and

D. an imager operatively coupled to 1) the means for con-
trolling the scanner, 2) the amplitude detector, and 3) the
phase detector, the imager forming spatially-correlated
images derived from 1) the separation distance, 2) a
discrepancy between the displacement amplitude and
the demanded displacement amplitude, and 3) the phase.

16. An interfacial force microscope in accordance with
claim 14 wherein the quality factor of the differential-capaci-
tance displacement sensor is indicative of the differential-
capacitance displacement sensor being heavily damped even
when the tip is remote from the sample surface yet wherein
the quality factor of the feedback loop is sufficiently high to
yield a well-defined resonance peak in a feedback influenced
displacement amplitude versus driving frequency spectrum
of the differential-capacitance displacement sensor with the
tip remote from the sample surface.

17. An interfacial force microscope in accordance with
claim 14 wherein the tip interacts witha liquid while imaging.

18. An interfacial force microscope in accordance with
claim 17 wherein the liquid includes a characteristic of an
absolute viscosity as high as 1490 centipoise (cP).

19. An interfacial force microscope in accordance with
claim 14 wherein the means for measuring includes 1) the
variable capacitors, 2) a pair of modulation signals nominally
180 degrees out of phase with respect to each other and
sufficiently high in frequency to not displace the member
relative to the base, 3) a preamplifier, 4) a demodulator, and 5)
a low-pass filter.

20. An interfacial force microscope in accordance with
claim 14 wherein the control block includes a characteristic
of an integral, gain.

21. An interfacial force microscope in accordance with
claim 20 wherein the oscillatory actuation signal includes a
dc component derived from feedback which tends to maintain
a constant dc level of the displacements.

22. An interfacial force microscope in accordance with
claim 14 wherein the tip includes a characteristic of a para-
bolic profile.
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23. An interfacial force microscope in accordance with
claim 14 wherein the driving frequency is equal to or near a
frequency corresponding to a resonance peak of a feedback-
influenced displacement amplitude versus driving frequency
spectrum of the differential-capacitance displacement sensor
with the tip remote from the sample surface.

24. An interfacial force microscope in accordance with
claim 14 wherein the feedback loop further includes charac-
teristics of an open-loop-gain magnitude and a phase margin,
the phase margin nearly equaling zero (0) yet indicative of the
feedback loop being stable at a frequency corresponding to
the open-loop-gain magnitude equaling one (1) when the tip
is remote from the sample surface.

25. An interfacial force microscope in accordance with
claim 20 wherein the control block further includes charac-
teristics of proportional and derivative gains.

26. A method of increased-quality-factor intermittent con-
tact imaging of a sample surface for a scanning probe micro-
scope apparatus comprised of 1) a device including 1) a base,
ii) a member which is displaceable relative to the base, iii) a
tip mounted on the member to intermittently contact the
sample surface to be imaged, iv) a characteristic of a natural
frequency (w,), and v) a characteristic of a quality factor, 2)
means for actuating the member, 3) means for measuring
displacements of the member relative to the base and gener-
ating a displacement signal indicative thereof, 4) an oscillator
generating a driving signal which includes characteristics of
i) adriving frequency and ii) a driving amplitude, the driving
signal causing oscillations in the means for actuating which in
turn causes the member to oscillate which in turn causes the
displacement signal to oscillate, and 5) a feedback loop
including a feedback controller, the feedback controller
receiving i) the displacement signal and ii) the driving signal
and applying an oscillatory actuation signal to the means for
actuating, the oscillatory actuation signal being mathemati-
cally dependent on i) the displacement signal, ii) the driving
signal, and iii) a gain function of the feedback controller, the
feedback loop further including a characteristic of a quality
factor, the method comprising the steps of:

A. setting the driving amplitude above zero and putting the
device in a reference state such as but not limited to the
tip remote from the sample surface;

B. while the device is in the reference state:

a. measuring a displacement amplitude from the dis-
placement signal for a plurality of driving frequencies
including the natural frequency and generating a feed-
back influenced displacement amplitude versus driv-
ing frequency spectrum of the device, and

b. adjusting the gain function in a manner which
causes—the spectrum to include a well-defined reso-
nance peak indicative of the quality factor of the feed-
back loop being higher than the quality factor of the
device;

C. after adjusting the gain function:

a. setting the driving frequency equal to or near a fre-
quency corresponding to the resonance peak, and

b. setting the driving amplitude such that the—displace-
ment amplitude is proper for imaging; then

D. putting the device in an imaging state in which the tip
intermittently contacts the sample surface;

E. while the device is in the imaging state:

a. controlling a separation distance between the sample
surface and the device in a manner which maintains
the displacement amplitude in general agreement
with a demanded displacement amplitude, the sepa-
ration distance being in a direction predominantly
perpendicular to the sample surface, the demanded
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displacement amplitude being lower than the dis-
placement amplitude ultimately established in the ref-
erence state, and

b. imparting relative motions between the sample sur-
face and the device in a plane predominantly parallel
to the sample surface to raster scan the sample surface

F. measuring a phase of the displacement signal with
respect to a reference signal while imaging the sample
surface; and

G. forming spatially-correlated images derived from 1) the
separation distance, 2) a discrepancy between the dis-
placement amplitude and the demanded displacement
amplitude, and 3) the phase.

27. A method in accordance with claim 26 wherein the tip

interacts with a liquid while imaging.

28. A method in accordance with claim 27 wherein the
liquid includes a characteristic of an absolute viscosity as
high as 1490 centipoise (cP).

29. A method in accordance with claim 26 wherein feed-
back loop further includes characteristics of an open-loop-
gain magnitude and a phase margin, the phase margin nearly
equaling zero (0) yet indicative of the feedback loop being
stable at a frequency corresponding to the open-loop-gain
magnitude equaling one (1) while the device is in the refer-
ence state.

30. A scanning probe microscope apparatus for increased-
quality-factor intermittent contact imaging of a sample sur-
face comprising:

A. a device including 1) a base, 2) a member which is
displaceable relative to the base, 3) a tip mounted on the
member to intermittently contact the sample surface to
be imaged, and 4) a characteristic of a quality factor;

B. means for actuating the member;

C. means for measuring displacements ofthe member rela-
tive to the base and generating a displacement signal
indicative thereof;

D. an oscillator generating a driving signal which includes
characteristics of 1) a driving frequency equal to or near
a frequency corresponding to a resonance peak of a
feedback-influenced displacement amplitude versus
driving frequency spectrum of the device with the tip
remote from the sample surface and 2) a driving ampli-
tude causing a displacement amplitude equal to or near
18.97 nanometer (nm) peak-to-peak when the tip is
remote from the sample surface, the driving signal caus-
ing oscillations in the means for actuating which in turn
causes the member to oscillate which in turn causes the
displacement signal to oscillate;

E. a feedback loop including a feedback controller, the
feedback controller receiving 1) the displacement signal
and 2) the driving signal and applying an oscillatory
actuation signal to the means for actuating, the oscilla-
tory actuation signal being mathematically dependent
on 1) the displacement signal, 2) the driving signal, and
3) a gain function of the feedback controller, the feed-
back loop further including a characteristic of a quality
factor, the gain function being such that the quality fac-
tor of the feedback loop is higher than the quality factor
of the device when the tip is remote from the sample
surface; and

F. a scanner for altering a separation distance between the
sample surface and the device in a direction predomi-
nantly perpendicular to the sample surface and for
imparting relative motions between the sample surface
and the device in a plane predominantly parallel to the
sample surface.
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31. An interfacial force microscope for increased-quality-
factor intermittent contact imaging of a sample surface com-
prising:

A. a differentially-capacitance displacement sensor
including 1) a base, 2) a member which is rotationally
displaceable relative to the base, 3) a tip mounted on the
member to intermittently contact the sample surface to
be imaged, and 4) a characteristic of a quality factor;

B. means for actuating the member via electrostatic/ca-
pacitive forces;

C. means for measuring rotational displacements of the
member relative to the base and generating a displace-
ment signal indicative thereof;

D. an oscillator generating a driving signal which includes
characteristics of 1) a driving frequency equal to or near
a frequency corresponding to a resonance peak of a
feedback influenced displacement amplitude versus
driving frequency spectrum of the differential-capaci-
tance displacement sensor with the tip remote from the
sample surface and 2) a driving amplitude causing a
displacement amplitude equal to or near 18.97 nanom-
eter (nm) peak-to-peak when the tip is remote from the
sample surface, the driving signal causing oscillations in
the means for actuating which in turn causes the member
to oscillate rotationally which in turn causes the dis-
placement signal to oscillate;

E. A feedback loop including a force-feedback controller,
the force-feedback controller including 1) a summing
junction and 2) a control block, the summing junction
receiving 1) the displacement signal and 2) the driving
signal and generating an error signal indicative of a
discrepancy between the displacement signal and the
driving signal, the control block receiving the error sig-
nal and applying an oscillatory actuation signal to the
means for actuating, the oscillatory actuation signal
being mathematically dependent on 1) the error signal
and 2) a gain function of the force-feedback controller,
the feedback loop further including a characteristic of a
quality factor, the gain function being such that the qual-
ity factor of the feedback loop is higher than the quality
factor of the differential-capacitance displacement sen-
sor when the tip is remote from the sample surface; and

F. a scanner for altering a separation distance between the
sample surface and the differential-capacitance dis-
placement sensor in a direction predominantly perpen-
dicular to the sample surface and for imparting relative
motions between the sample surface and the differential-
capacitance displacement sensor in a plane predomi-
nantly parallel to the sample surface.

32. A method of increased-quality-factor intermittent con-
tact imaging of a sample surface for a scanning probe micro-
scope apparatus comprised of 1) a device including i) a base,
ii) a member which is displaceable relative to the base, iii) a
tip mounted on the member to intermittently contact the
sample surface to be imaged, iv) a characteristic of a natural
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frequency (w,), and v) a characteristic of a quality factor, 2)
means for actuating the member, 3) means for measuring
displacements of the member relative to the base and gener-
ating a displacement signal indicative thereof, 4) an oscillator
generating a driving signal which includes characteristics of
1) a driving frequency and ii) a driving amplitude, the driving
signal causingoscillations inthe means for actuating whichin
turn causes the member to oscillate which in turn causes the
displacement signal to oscillate, and 5) a feedback loop
including a feedback controller, the feedback controller
receiving i) the displacement signal and ii) the driving signal
and applying an oscillatory actuation signal to the means for
actuating, the oscillatory actuation signal being mathemati-
cally dependent on i) the displacement signal, ii) the driving
signal, and iii) a gain function of the feedback controller, the
feedback loop further including a characteristic of a quality
factor, the method comprising the steps of:

A, setting the driving amplitude above zero and putting the
device in a reference state such as but not limited to the
tip remote from the sample surface;

B. while the device is in the reference state:

a. measuring a displacement amplitude from the dis-
placement signal for a plurality of driving frequencies
including the natural frequency and generating a feed-
back influenced displacement amplitude versus driv-
ing frequency spectrum of the device, and

b. adjusting the gain function in a manner which causes
the spectrum to include a well-defined resonance peak
indicative of the quality factor of the feedback loop
being higher than the quality factor of the device;

C. after adjusting the gain function:

a. setting the driving frequency equal to or near a fre-
quency corresponding to the resonance peak, and

b. setting the driving amplitude such that the displace-
ment amplitude is proper for imaging, causing the
displacement amplitude to be equal to or near 18.97
nanometer (nm) peak-to-peak; then

D. putting the device in an imaging state in which the tip
intermittently contacts the sample surface; and

E. while the device is in the imaging state:

a. controlling a separation distance between the sample
surface and the device in a manner which maintains
the displacement amplitude in general agreement
with a demanded displacement amplitude, the sepa-
ration distance being in a direction predominantly
perpendicular to the sample surface, the demanded
displacement amplitude being lower than the dis-
placement amplitude ultimately established in the ref-
erence state, and

b. imparting relative motions between the sample sur-
face and the device in a plane predominantly parallel
to the sample surface to raster scan the sample sur-
face.



